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INTRODUCTION

The present investigation is concerned with developing methods to monitor mechanical

properties of various types of composites for aerospace applications. These include high

temperature fiber reinforced polymers as well as ceramic matrix composites (CMC) and metal

matrix composites (MMC). The investigation employs the aeousto-ultrasonic (AU)

configuration of Ref. [1] with broadband sending and receiving transducers for producing and

detecting ultrasonic waves. With the AU approach, it is possible to observe discrete pulses in

the signal. The ultrasonic velocities of these pulses proved sensitive to variations in stiffness

modulus and fiber/matrix interfacial shear strength in CMC's [2]. It was theorized that Lamb

waves are produced with the AU configuration in MMC structures [3] and CMC structures [2].

There is a need to clarify the nature of the Lamb wave modes and to show how they can be

used to assess material properties and boundary conditions. It is hoped to thereby demonstrate

a method for monitoring mechanical properties of composites of aerospace interest.

In our present work we identify the above-mentioned discrete pulses as Lamb waves by

constructing dispersion curves for CMC and MMC specimens. These dispersion curves are

compared to the theory developed in Ref. [4] for polymer composites.

THEORETICAL

Application of Approximate Theory for Lamb Waves in Composites

Among the earliest studies of plate waves in structures were those of H. Lamb in 1917 [5].

Recently, Tang and Henneke [4] studied the behavior of these waves in orthotropic fiber



reinforced polymer sl_ructures. Tang and Henneke [6] successfully detected changes in Lamb

wave geometrical dispersion curves due to axial stiffness loss produced by transply cracking.

Lamb [5] presented the solutions for ultrasonic wave propagation in an isotropic thin plate.

This type of wave propagation is now referred to as the Lamb wave mode. A thin plate is

defined as having a thickness, h, on the order of the wave length of a bulk wave in the medium.

Under this condition the ultrasonic energy propagates as waves undergoing multiple reflections

from the opposite surfaces, individual propagation paths loose their identity due to

superposition, and geometrical dispersion occurs. The situation is similar to electromagnetic

waves in a wave guide. For Lamb waves in a plate, however, the propagation radiates out in a

plane rather than a single direction.

It was recognized for some time [7-12] that Lamb wave analysis is of value with AU in

some composite structures. However the Lamb solutions take advantage of symmetries

associated with an isotropic plate. These symmetries are generally not found in composites.

Tang, Henneke, and Stiffler [13] developed an approximate theory for Lamb wave solutions in

laminated composites. Figure 1 is taken from Ref. [4]. Figure 1 shows computed Lamb wave

geometrical dispersion curves for propagation parallel to the fibers in a unidirectional plate of

the graphite/epoxy system: AS-4(GR)/Pr 288' In Fig. 1, frequency multiplied by specimen

thickness, fh, is plotted against wave number multiplied by thickness, kh. The abscissa,

kh = 2rr(h/_). The ordinate, fh, is a velocity. It has been pointed out [14] that where the

curves for the various Lamb modes intersect the ordinate the product fh is the velocity of

through-thickness resonance waves. The inclusion of h in the variables of'Fig. 1 has the merit

of normalizing the results for use with plates of any thickness.

The symmetric modes are dilatation waves. This means that their passage causes cycles of

simultaneous outward and then inward surface displacement on the opposite sides of the plate.



In contrast,theantlsymmetricmodesareflexurewaves.Outwardsurfacedisplacementonone

sideof the plateis opposedby inwarddisplacementon theother.

By definition [15]:

Groupvelocity Vg -- dw/dk (1)

Phasevelocity Vp= w/k (2)

k is the wave number which is 27r/A. w is radial frequency. As with Ref. [4], we construct

dispersion curves using cycle frequency f -- w/27r.

Dispersion occurs when Vg _ Vp (3)

It is evident in Fig. 1 that most Lamb modes, (e.g., the ones that do not pass through the

origin), are highly dispersive. This can be seen by considering the phase and group velocity at

s9me point on one of these curves. The phase velocity is 2r times the slope of a line connecting

the chosen point to the origin. The group velocity is 27r times the slope of a line tangent to the

curve at the point. For the very dispersive modes shown, phase velocity is always greater than

group velocity.

Nondispersive modes, or nearly nondispersive, shown in Fig. 1 are linear segments with

intercepts near the origin. The lowest two curves and various curve segments fit into this

category. For these, Vg _., Vp. In the AU configuration one expects that pulses leaving the

sending transducers in the f and k regimes of these modes will retain their discrete nature in

transit from sender to receiver whereas the other modes will tend to disperse the pulses into a

much broader time domain signal. This being so, the nondispersive modes ought to be

distinguishable from the rest of the signal. The lowest antisymmetric mode, which is nearly

nondispersive, is unique with respect to the rest of the modes in that it has phase velocity less

than group velocity over the entire range shown. No other mode has phase velocity less than

group velocity. This characteristic could be used to identify the lowest antisymmetric mode.



As kh increase,the abovebecomeslessapplicablebecausein the limit frequencyincreases

andwavelengthdecreases.Higherfrequencyleadsto greaterattenuationandgreaterdifficulty

in collectinga usablesignal. Shorterwavelengthsleadto interactionswith materialpoint

featuresfor wavelengthsmuchlessthan h. As a resultLamb waveswill tendnot to propagate.

What is left of thesignalbecomesstochasticandLamb waveanalysisdoesnot apply.

Sensitivity of Lamb Waves to Mechanical Properties in Composites

The wave equation for the lowest symmetric mode for "symmetric cross-ply and quasi-

isotropic" laminates is [4]:

All k2 - pw 2 = 0 (4)

All is an extension stiffness in the propagation direction, p is the mass density integrated

through the thickness of the plate. Equation (4) shows that the phase velocity, Vp = w/k, of the

first symmmetrlc mode pulse is sensitive to the stiffness modulus in the propagation direction.

The solution for the lowest antisymmetric mode for the symmetric cross-ply layup is:

(Dll k2 + Ass - Iw2)(Assk 2 - p0:2) - AssZk 2 -- 0 (5)

Dll is a bending stiffness, Ass is a shear stiffness, and I is a density integral. Solutions for

the lowest antisymmetric mode in other layups are more complex than Eq. (5). However, in

each antisymmetric case the Lamb mode is dependent on shear and flexure properties of the

composite [4].

EXPERIMENTAL

Specimens Used in the Study

Tensile specimens were [0] unidirectional SiC/RBSN CMC (SiC fiber reinforced reaction

bonded silicon nitride ceramic matrix composite). Details on the fabrication and properties of

this material are in Ref. [2]. Unidirectional SiC-6/Ti 15-3 MMC panels were also tested.

Details on fabrication and properties of this material are in Ref. [3]. The specimens are

summarized in Table II.
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Collection of Acousto-Ultrasonic Data

Figure 2 shows the AU experimental configuration that was employed. Several

combinations of broadband transducers were tried. Best results for MMC's and CMC's were

obtained with pairs of 1.0 MHz center frequency and with pairs of 0.5 MHz center frequency

transducers. Elastomer dry couplant pads, 0.32 by 1.27 cm, were bonded to the transducer wear

plates and were oriented with long direction perpendicular to the propagation path. The path

length, s, is the distance from sender to receiver.

Waveforms were collected from the receiving transducer response_ digitized and stored on

disk. Details of the procedure are described in Ref. [1].

Determination of Group Velocity of Ultrasonic Pulses

Figures 3 to 5 are a sequence of waveforms collected in the AU configuration on the same

[0] unidirectional SiC fiber/RBSN matrix CMC tensile specimen. They show typical data

collected with, respectively, pairs of 2.25, 1.0, and 0.5 MHz broadband transducers. Table I has

been constructed in order to estimate what modes these waveforms appear to correspond to

relative to the Fig. 1 dispersion curves. The comparison is done for the vertical axis, fh, in two

steps: First the product f (center frequency) X h (0.22 cm) in meters/second is calculated.

Second, the fh values are scaled from CMC to graphite/polymer (GP) values by the

transformation:

fhGp --_ fhcMc(VGp/VcMc) (6)

This is done because the dispersion curves intersect the fh axis at through-thickness

resonance values [14]. Resonance frequency is proportional to velocity in the thickness direction

[3]. VGp is through thickness velocity in the graphite/polymer and is taken as 0.27 cm/Izsec

[3]. VCM C is through thickness velocity in the 30 percent porous CMC and is taken as

0.8 cm/_sec [16]. Note that the Eq. (6) scaling has greatest validity at the fh axis of the

dispersion curve.
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Figure3 shows a typical AU signal collected with a pair of 2.25 MHz transducers. The

total coupling force on the transducers was 12 N, or an average pressure of 15 N/cm 2. The

transducer frequency and the coupling pressure are typical of earlier AU work [1]. This coupling

pressure to the specimen has been found to be optimum to assure reproducible signals and

relatively low attenuation. Table I indicates that the transducer center frequency times

thickness (after scaling) is equivalent to 1688 m/sec, (0.1688 cm/#sec.), on the fh axis of

Fig. 1. This is a region where very dispersive Lamb modes arise.

Decreasing the coupling pressure to about 3.5 N/cm 2 decreases the high frequency signal

components and reveals the presence of the lowest Lamb modes. Employing two 1.0 MHz

transducers under these conditions yields waveforms such as the example in Fig. 4. Three pulses

are evident. The earliest arriving pulse is labeled pulse 1 and the next is labeled pulse 2. By

investigating the relation between the positions of the transducers on the specimen and the pulse

arrivals it can be determined that pulses 1 and 2 travel exactly the path length s between the

sender and the receiver. At the same time, it becomes evident that the last arriving pulse is the

echo of pulse 2 after reflecting from the end of the specimen. If two 0.5 MHz transducers are

employed under these conditions waveforms are collected such as the example in Fig. 5. With

two 0.5 MHz transducers pulse 1 is often unresolvable. However, pulse 2 and its echo are more

distinct. Table I shows that the transducer center frequencies for the specimen thickness

employed in these two cases are equivalent to Fig. 1 fh values 372 m/sec (0.0372 cm//_sec.),

and 743 m/sec (0.0743 cm/#sec). This is where the lowest symmetric and antisymmetric modes

are found.

Figure 1 shows that the antisymmetric mode has the lower slope and, from Eq. (1), the

lower group velocity. Lower velocity means later arrival as the case of pulse 2 relative to

pulse 1. Hence, we identify pulse 2 as the lowest antisymmetric Lamb mode. We identify



pulse1asthelowestsymmetricLamb modeup to thebreakin that curve. Beyondthat it is

likely to representhighersymmetricmodesegments.

Wewill considerarrival timesfor pulses1 and2 that havetraveledexactlythe distances

from sendingtransducerto receivingtransducer.This introducesthe needfor windowingout

unwantedpulsesin the signal.

In orderto determinethevelocitiesassociatedwith thesepulsesdatawascollected over a

range of seven transducer separations, s, ranging from 3.81 to 7.0 cm. The pulse arrival times, t,

were linearly regressed against the s values and the slope was taken as the pulse velocity [2].

This is shown in Fig. 6.

Determination of Phase Velocities

Phase velocities are calculated at frequencies suggested by the pulse data. For example,

pulse 2 (antisymmetric mode) in a CMC tensile specimen with h -- 0.216 cm has a center

frequency of about 0.5 MHz. Phase velocity is calculated at values from 0.3 to 0.7 MHz for the

pulse. Similarly, the symmetric pulse 1 was centered at 0.9 MHz. Phase velocities were

determined for 0.5 to 1.3 MHz at the arrival of this pulse.

Phase arrival time is determined as follows:

1. The signal is square wave windowed around the already determined pulse arrival time,

t 1. For determining phase velocity for frequency f, the window used was t 1 =t=1/f. In most

applications, one avoids a square window to avoid unwanted high frequency components.

However, in this case a square wave is desirable because it does not change the shape, and thus

the phases of the frequencies of interest.

2. The windowed signal is Fourier transformed.

3. A sine wave is constructed using the phase associated with the frequency component

interest, f, in the Fourier transform.
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4. The sinewaveis windowedin the interval t I :t: 1/2f. This intervalwill containexactly

onecycleof frequencyf, andthereforeonepeak,(at sine(r/2)). Thesinewavewill havethe

samephaseasthe frequencycomponentf in theoriginalpulse.

5. The peakof the windowedsinewaveis takenasreferencetime, t2, for progressof the

phaseof frequencyf asthetransducerseparation,s, is changed.

SeeAppendixI for moredetail ondetermininggrouparrival times,t 1 andphasereference

times,t 2.

As with the pulsecalculations,transducerseparations,s, andarrivals,t2, areregressed.

Thechangein arrival timeof a referencepeakin thesinewaveis recordedasseparations is

increased.For thefirst s valueusedin a setof data the pulsearrival, tl, andphasereference

peak,t2,will beseparatedby a time intervalof nomorethan 1/f. However,whengroupand

phasevelocitydiffer (asweexpectwith the antisymmetricmode),tI and t2 canmoveapart.

Eventuallywemayhaveto dealwith situationsdepictedin the sequenceof Figs.7 and8. In

Fig. 7the transducerseparation,s, is plotted againstarrival time of a peakof the f -- 0.4MHz

sinewave. After the fifth point, the peakbeingfollowedhasmovedout of thewindowandthe

peakof the nextcyclehasreplacedit. In Fig. 8 thearrival timesafter thefifth areadjustedto

theoriginalpeakby the transformation:

t2 --* t 2÷ 1/f (6)

In this examplethearrivalsareincreasedby 2.5#sec.

Oncethe phasevelocityis determined,wavenumber,k, canbecalculatedfrom Eq. (2).

Precision in Velocity Determination

Separation, s, ranged from 3.81 to 7.0 cm in 0.5 cm steps. As shown in Fig. 4, both pulse 1

(lowest symmmetric mode) and pulse 2 (lowest antisymmetric mode) data were available with

1.0 MHz transducer waveforms. In addition, sometimes both kinds of data were available with



0.5MHz transducers.In every experiment the most precise velocities were obtained when

1.0 MHz was used with pulse 1 and 0.5 MHz was used with pulse 2.

For the work in Ref. [2] four group velocity determinations were made on each specimen for

each of the two Lamb modes. From this it was determined that the antisymmetric mode

average Vg generally had a standard deviation below 2.5 percent. The standard deviation for

symmetric mode Vg were as high as 10 percent.

Phase velocities standard deviation was about the same as that of group velocities although

sometimes a much smaller transducer separation range was employed. The symmetric mode

pulses were sufficiently nondispersive so that the pulses did not change shape significantly over

the same s range as used for group velocity. In the case of the antisymmetric mode there was

enough dispersion so that a shorter interval between s values was required so as not to lose

track of the reference peak. In this case, phase velocity s ranged from 4.1 to 4.9 cm in 0.1 cm

steps. Antisymmetric pulses were always so pronounced that the change did not effect precision.

Therefore, the same standard deviation for the average of a set of four determinations of Vp

held as quoted above for Vg.

RESULTS AND DISCUSSION

Group Velocities and Mechanical Properties

Figure 9 shows plots of the lowest symmetric mode (pulse 1) and the lowest antisymmetric

mode (pulse 2) group velocities versus angle between propagation path and fiber orientation for

a unidirectional SiC/Ti 15-3 MMC panel. This is specimen 5 in Table II. Note that the pulse 1

velocity is strongly dependent on direction, rt is maximum when parallel to the fibers. The

greater the angle between fiber direction and wave path, the lower the velocity.

Figure 10 shows axial modulus of SiC/Ti 15-3 specimens from tensile tests reported in

Ref. [3]. The greater the angle between fibers and axial direction in the tensile specimens, the

lower the modulus. This parallel behavior between group velocity and axial modulus is
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predictedfor the lowestsymmetricLamb modein Eq. (4). The antisymmetricmode(pulse2)

groupvelocityalsoshowsa slight indicationof thesamebehavior. Theseplotsaretakenas

indicationof the mechanicalpropertysensitivitydiscussedin conjunctionwith Eqs.(4) and (5).

In Ref.[2] it wasshownthat thegroupvelocityof the pulsesis sensitiveto mechanical

propertiesin SiC/RBSNcompositetensilespecimens.In that investigation,specimenswith the

standard"doublecarboncoated _ SCS-6 SiC fibers were compared to specimens with nondouble

coated SCS-0. The SCS-0 always exhibited higher fiber/matrix interfacial shear strength than

SCS-6. This is reflected in the difference in pulse 2 velocity for the two cases. This difference

appears in the lowest pulse 2 velocities (Fig. ll), but not in the pulse 1. This is consistent with

Eqs. (4) and (5) if we identify the pulses with the Lamb modes as above.

Lamb Wave Dispersion Plots

Figure 12 is a Lamb wave dispersion plot calculated from the phase velocity data on a [0]

unidirectional SiC/RBSN composite tensile specimen. In Fig. 13 this same data is scaled to

graphite/polymer values by Eq. (6) and plotted on the dispersion diagram from Fig. 1. To

compare Fig. 12 with Fig. 13 assume that: (1) the horizontal axis kh is independent of

whether the composite is graphite/polymer or CMC, and that: (2) the vertical axis fh will

differ, as discussed earlier, as the ratio of through thickness velocity in the two materials. With

these assumptions it appears that both pulse 1 and pulse 2 data fall below their

graphite/polymer counterparts. The pulse 1 and pulse 2 data both lie near the lowest

antisymmetric mode curve.

Although the Eq. (6) rescaling of the CMC fh data is useful to indicate that pulse 1 and

pulse 2 data lie in the lowest regime of the dispersion diagram, their final identification depends

upon their dispersion properties. In particular_ the pulse 1 data exhibit no dispersion, which is

the same as the lowest symmetric mode. The pulse 2 data exhibit negative intercept dispersion,

which is the same as the lowest antisymmetric mode.
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Lamb Waves and Mechanical Properties

Thermal degradation in SiC/RBSN causes decrease in both axial modulus and fiber/matrix

interracial shear strength. It was shown in Ref. [2] that these mechanical degradations are

observable as decreases in the pulse 1 and pulse 2 group velocities. An example of the effect of

this on the dispersion curves is shown in Fig. 14. Here, the pulse 2 (lowest antisymmetric

mode), dispersion curve from Fig. 12 is plotted along with the curve for the same specimen after

degradation from 1 hr at 600C in oxygen.

Figure 15 shows pulse 1 dispersion curves for three unidirectional SiC/Ti 15-3 panels. As

with the CMC data in Fig. 13, we expect the pulse 1 data to correspond to the lowest symmetric

Lamb mode at low kh values. The data were taken for wave propagation along the fiber

direction. The three panels each had different thicknesses, ranging from h = 0.15 to

h = 0.29 cm. They also had different SiC fiber fractions ranging from 15 to 45 percent. The

three panels were measured with the same pair of I MHz broadband transducers and dispersion

curves were calculated for the same frequency range. The difference in the slopes, and hence the

group velocities, can be taken as evidence that the axial modulus increases with fiber fraction. It

becomes apparent from Fig. 15 that, with dispersion calibration curves, one could compare

mechanical stiffness parameters of specimens of different thicknesses.

CONCLUSIONS

Lamb waves can be produced and detected in ceramic matrix composites (CMC) and metal

matrix composite (MMC) plates using the acousto-ultrasonic configuration employing broadband

transducers.

Based on analysis of dispersion curves the lowest antisymmetric and nondispersive segments

of symmetric Lamb wave modes can then be used to reveal variations of longitudinal stiffness

and also shear strength in CMC_s and MMC_s.
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Theuseof group velocities is more straightforward in application than the use of phase

velocities to construct dispersion curves. Dispersion curves reveal fundamental relationships

between mechanical properties and the ultrasonic parameters. They allow comparison of

specimens of different geometry.

Although a basis has been established for analyzing Lamb wave velocities for characterizing

composite plates, further work is needed to establish theoretical geometrical dispersion curves for

various CMC and MMC systems. Comparison of the AU data for high temperature composites

with theoretical dispersion curves for graphite/polymers has some limited value for

demonstration purposes. It establishes the dispersion regime of the CMC and MMC data. CMC

and MMC theoretical curves are still needed for final verification of individual modes.
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TABLE L--ESTIMATES OF fh FORSCALING CERAMICMATRIX

COMPOSITE DATA WITH THE THREE RANGES OF

TRANSDUCER FREQUENCY EMPLOYED TO

GRAPHITE/POLYMER DISPERSION

CURVES OF FIGURE 1

Broadband

transducer

center

frequency,
MHz

2.25

.5

1.0

Specimen

thickness,

h,
cm

0.22

.22

.22

(fh)cM C,

m/sec

5000

1100

2200

(fh)G P ---

(fh) CMC (VGp/VcMc),

m/sec

1688

372

473

Regime of

intercept

Dispersive

Nondispersive

Nondispersive

VGp , through thickness velocity in the graphite/polymer = 0.27 cm/#sec C3].

VCMC, through thickness velocity in the 30 percent porous CMC = 0.8 cm/_sec

[16].

TABLE II.--SUMMARY OF MATERIALS USED IN THIS STUDY

Material a

As-fabricated

SCS-6/RBSN

As-fabricated

SCS-0/RBSN

SCS-6/RBSN

heat treated 02,
600C, 1 hr

SiC/Ti 15-3

SiC/Ti 15-3

SiC/Ti 15-3

Geometry b

Tensile

Tensile

Tensile

Unipanel

Unipanel

Unipanel

Orientation

C0]

C0]

C0]

[0]

[0C
(varied in

Fig. 9)

[o]

Thickness,

h,
cm

0.216

.216

.216

.29

Fiber,
vol. %

3O

3O

3O

45

34

15

aInformation on materials can be found in Refs. [3] and [2].
bTensile specimens were approximately 11.6 by 1.3 cm by thickness.

There were no grips attached. Panels were at least 5 by 15 cm by
thickness.
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,, 2oo_
(3

is0
E

100

[]
[]

1 I
20 40

Lay-up: symmetric cross-ply angle [ + O ]

Figure 10.--Axial modulus of SiC/Ti 15-3 MMC as a function
of O for fiber lay-ups [ ± O ]. Axial modulus data is from
destructive tensile tests In ref. 3.
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Figure 11 .--Comparison of the response of pulse 2 group

velocity, Vg, and of fiber/matrix interracial shear strength
to type of SiC fibers In SiC/RBSN CMC. Data from ref. 2.
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Figure 12.--Expedmantal Lamb wave dispersion curves calcu-
lated for a [0] SiC/RBSN CMC tensile specimen. Calculations
were made from broadband transducer acousto-ultrasonlc
data.
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Figure 13.--Experimental Lamb wave dispersion data from
Figure 12. The th values are scaled from SiC/RBSN through
thickness velocity to graphite/polymer through thickness
velocity by equation 6. The data are then plotted with theo-
retical geometrical dispersion curves for graphite/polymer
from Figure 1.
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Figure 14.--Plot of the pulse 2 dispersion curve of SiC/RBSN
CMC in Rgure 12 (before oxidation) and pulse 2 dispersion
curve of the same specimen after 600 C, 1 hr, in 02 heat
treatment.
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Figure 15.--Experimental pulse 1 dlsperslon curves con-
structed from acousto-ultrasonlc data on three SiC/'TI 15-3
MMC panels with various thicknesses, h, and SiC fiber
volume per cent. All data were taken with the same pair of
1.0 MHz broadband transducers and all three dispersion
curves were constructed over the same frequency range:
0.5 to 1.2 MHz.

._ 3O00

2000

E

_" looo

18



APPENDIX I.--DETERMINATION OF PULSE ARRIVAL TIMES, tl,

AND PHASE REFERENCE TIMES, t2, FOR CALCULATION OF

THE GROUP AND PHASE VELOCITIES

Figure A1 shows a typical waveform, wf(t), collected on a SiC/RBSN tensile specimen

employing two 0.5 MHz transducers. There are two pulses in wf(t). The earlier is the pulse 2

of Figs. 4 and 5. It is associated with the first antisymmetric Lamb mode and its arrival time is

of interest. The later is the echo of pulse 2 after an end reflection. (In many cases the echo is

larger than the original pulse 2 because it is the superposition of echoes off the opposite ends

when they meet at the receiving transducer.)

Next wf(t) undergoes two processing steps:

(1) Set wf(t) - absolute value (wf(t)) = _vf(t)l.

(2) Average _vf(t)l over one cycle of the center frequency of the pulse 2, (in this case

average over 1/0.48 MUz), which gives ([wf(t)_ plotted it Fig. A2.

With the echoes windowed out, the maximum of wf(t) is taken as the pulse arrival time, t 1. In

this example_ t I _- 13.1836 #sec. Comparing Figs. A1 and A2 one can see that t 1 is the

maximum of the pulse 2 amplitude but not necessarily a peak in the original pulse 2 of Fig. A1.

Now that t I is determined, it will be the center for two windows used in determining the

phase reference time t 2. Figure A3 is the first step to determining t2. We choose in this

example to determine a reference time for the frequency f = 0.4 MHz. To this end, a window of

the Fig. hl waveform is constructed for the time interval t 1 +__1/(0.4 MHz). (As discussed in

the text, the square window is thought to less alter phases in the region of 0.4 MHz than would

other kinds of windows.)

Figure A4 shows the phase spectrum, • (f), part of the Fourier transform of the waveform

in Fig. A3. The phase, _(0.4 MHz), is read off of this phase spectrum.
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Figure A5 shows a constructed sine wave:

sine[2_r(0.4 MHz)t + ¢(0.4 MHz)]

in the windowed interval t 1 +_ 0.5/(0.4 MHz). This window contains exactly one cycle of the

0.4 MHz sine wave. Its one peak s t2, is taken as the 0.4 MHz reference time. In this case,

t 2 -- 13.5742 #sec.

Changes of t 1 as transducer separation, s, is varied determine the pulse group velocity.

Changes of t 2 as s changes determine the 0.4 MHz phase velocity. In practice, not one t 2 but

a set of t2's are calculated. One is calculated for each of a set of frequencies that are important

in the pulse spectrum. From this, phase velocity as a function of frequency is available for the

construction of an experimental dispersion curve.
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Figure At .---Typical waveform, wf(t), collected on a
SiC/RBSN specimen and employing two 0.5 MHz trans-

ducer. It contains a pulse 2 and a pulse 2 end reflection

the same as Figure 5.
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Figure A2.mFunctlon, < I wf(t) I >, constructed for

determlnlng pulse arrival time, t I.
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Figure A3.--Square wave windowed wf(t) from A1.
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Figure A4.--Phase spectrum of the Fourier transform of the

windowed wf(t) in Figure A3o
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Figure A5.---Constructed sine wave with frequency 0.4 MHz

and phase equal to the phase at the 0.4 MHz frequency

component of the spectrum of Figure A4.
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